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Abstract: The fabrication of a novel optofluidic chip using nanochannels optimized for
DNA-stretched molecules and optical detection by enhanced fluorescence is reported. The
chips are composed of a series of microchannels that allow the transport of molecules in the
femto-liter per second inside a fluid or gas. The nanochannels are surrounded by a photonic
crystal structure to enhance the emission of fluorescent light from the molecules, which can
travel along the nanochannel, allowing for enhanced optical detection of the molecules in
motion. The photonic crystal structure provides an enhancement up to 2.5 times in the light
emitted from fluorescent molecules inside the nanochannels which increases to around 250
when normalized to the area of the nanochannels emitting fluorescence. The results may help
to the detection of fluorescent molecules (like marked-DNA) in series by speeding it and
allowing the use of less sophisticated equipment.
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1. Introduction

There is a need for reducing dimensions and for increasing sensitivity of analytical testing
devices of biological samples. Advances in micro- and nanofluidics have resulted in higher
throughput analysis of biologically active processes at a fraction of the speed and cost,
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compared to traditional approaches [1]. The ultimate goal for these microdevices is to reach
sensitivities at the molecular level [2]. DNA molecules are one of the most important
examples for molecular detection. Current methods for DNA analysis are expensive and slow,
requiring cutting each molecule into millions of fragments, replicating each segment,
classifying them by size and reconstructing the original DNA chain. In contrast, methods
based on single molecule detection and DNA stretching of individual molecules by
confinement in nanofluidic channels, open new possibilities for DNA analysis [3,4] and
detection biochemistry, speeding the process and reducing the cost. These nanofluidic devices
have been used for real-time measurement of the contour of the stretched DNA molecules [5—
9], protein interaction studies and DNA [10], the orderly organization using endonucleases
[11], identification of individual molecules DNA using nanoslits [12], entropic movement and
speed of stretched DNA molecules in nanochannels [13,14] and spectroscopy of individual
DNA molecules confined in nanochannels [15]. In parallel, chips for detection of a single
protein inside micro and nanofluidics [16] are showing promising results. Thus, the
combination of nanopores (2-100 nm) coupled to an electric field has proved to be an
instrumental tool for studying protein translocation [17], protein conformational changes [18]
or to study the presence of native proteins covalently bound to aptamers near the nanopore
[19]. Most of these molecular devices analyze the fluorescence signal from a single molecule
[21,22] either as a direct measure of molecular detection or as a proxy to study the passage of
a molecule through a nanopore or nanochannel even when an electric signal is detected. In
this case, the molecular detection requires advanced equipment to collect the faint fluorescent
signals emitted by a single individual molecule (stained with a fluorophore, quantum dot or
other luminescent label) interposed. Typically highly sensitive cameras, such us an electron
multiplying charged coupled device (EMCCD) are used for this purpose. Therefore, obtaining
large ratios of the optical signal to noise is crucial for faster and more accurate detection.

In this work we demonstrate the increase of signal detection through the use of specially
designed photonic structures coupled to fluidic nanochannels in a chip. Specific photonic
structures -like photonic crystals- can be fabricated around the nanochannels (where the
molecules travel) with the goal of redirecting the fluorescent light to specific directions where
the detection device is placed. The photonic crystal structures recover the fluorescence
confined in the plane of the chip (that otherwise would be lost) and promote its emission in
the direction of the detection (vertical to the chip). In this work we demonstrate that using
photonic crystal structures around the nanochannels allowed for an enhancement in the
detection of fluorescent light of more than two orders of magnitude. This improvement may
ultimately help to the enhanced detection of individual molecules (like DNA) without the
need for sophisticated detection equipment and facilitating the use of these devices for
detecting biomolecules in series and in less time. Our device uses a photonic crystal structure
made of a two-dimensional (2-D) periodic array of nanoholes specifically designed to provide
an optical resonance that matches the emission wavelength of the fluorophore, quantum dot or
fluorescent molecule moving inside the nanochannel. The photonic crystal is designed to
promote the distributed optical feedback effect (DFB) in the plane of the chip where the
nanochannels are embedded [23] thus recovering light otherwise lost and redirectioning it to
the vertical direction where the detection system is placed. In one dimension (i.e. in a 1-D
periodic structure as for example a diffraction grating) the DFB effect results in a coupling of
two waves in two opposite directions (propagating and counter-propagating). The effect in 2-
D increases the efficiency of the feedback, and it has been successfully demonstrated in
photonic crystal microlasers [24]. Our device makes use of 2-D DFB diffraction by means of
2-D photonic crystal structures around the nanochannels. We optimized the dimensions of the
nanochannels for the stretching of DNA molecules [8,9] allowing for the movement of the
molecules through them inside a carrying fluid.
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2. Photonic crystal design for enhanced detection of fluorescence

Figure 1 shows a schematic drawing of the chips. The wafer is composed of 3 layers that form
an optical waveguide: a core layer of high refractive index (Si;Ny), a lower layer for optical
isolation (SiO,) and a third upper cladding layer to seal the nanochannels (Pyrex).

Photonic crystal Nanochannel Integrated

electrodes

Pyrex
SisN,

Inlets

sio,

Silicon

Si substrate

Nanochannels

Microchannels

Fig. 1. Schematic drawing of the fabricated chips. The area containing the nanochannels
appears magnified in the bottom panel. The chip contains two microchannels with inlets and
outlets for the introduction of the carrying fluid with the fluorescent molecules. They are
fabricated on a silicon 4-inch wafer and sealed with a pyrex 4-inch wafer on top.

The SiO; layer is necessary to promote the optical confinement of the fluorescence in the
SisN, core layer [25, 26]. The core layer contains the nanochannels with submicronic
dimensions specially designed to transport fluids or gases in flows of 10 fL/s [8,9]. The
photonic crystal structures that allow for the photon recycling by the DFB effect are
fabricated in this layer on both sides of the nanochannels. The distance between the
nanochannel and the nearest row of nanoholes is the same than the lattice period of the
photonic crystal. Since the three layers forms an optical waveguide, transverse electric and
magnetic modes (TM and TE) can be defined [27]. Figure 2 shows the photonic band diagram
for the TE and TM modes of an optical waveguide (effective index » = 1.5) with a photonic
crystal formed by a periodic network of circular nanoholes with triangular symmetry. The
holes are filled by air and have radius » = 0.3a where a is the photonic crystal lattice
parameter (separation between centers). At the edges of the photonic crystal Brillouin zone,
the propagating waves are coupled, significantly increasing the density of optical modes.
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Fig. 2. Photonic band dispersion diagram of the TE(blue) and TM (red) modes for an effective
index n = 1.5 and holes with » = 0.3a. The different areas for the DFB effect are labeled (I to
IV) and discussed in the text.

This coupling is different for each point according to Bragg conditions [23]. Our photonic
crystal is designed to enhance both TE and TM modes so a higher number of photonic modes
can be used for the DFB effect.

In Fig. 2 the point I corresponds to the overlap of only two waves, propagating and
counter-propagating, traveling in opposite directions. This type of coupling is similar to what
occurs in DFB lasers. Since there are 6 equivalents directions of the I'-X type, the formation
of three different optical resonances in three different directions is allowed. The point II in
Fig. 2 has characteristics of a unique coupling that cannot be achieved in conventional DFB
lasers, as is the coupling of waves propagating in three directions [27]. The I'-J direction also
exists in each of the six possible directions so that there are only two independent resonances
of the DFB type. Nevertheless the applicability of this mode is uncertain because the light is
emitted in three different directions. The point III has a wavevector k£ = 0 (i.e. vertical
emission) and is related to the coupling of waves propagating in six possible directions. This
is the best choice because it includes the coupling within the plane in six directions (0°, + 60,
+ 120° and 180°) inside the plane. Furthermore the direction of the resultant vector of
coupling is perpendicular to the plane of the photonic crystal according to the first order
Bragg diffraction [23, 28]. In our device this effect is used for the recovery of light emitted in
the six directions of the plane formed by the photonic crystal. There are other places at higher
frequencies where a multidirectional wave coupling occurs, like the point IV. However the
angles of the outgoing directions of the plane of the photonic crystal are not near the normal
or close to it. Therefore the most favorable for maximum recovery of light due to the effect
DFB is the point III.

Figure 3(a) shows the band diagram for the TE and TM modes for a range of near point III
normalized frequency (w) ranging from 0.6 to 1, n = 1.62 and r = 0.25a (triangular
symmetry). This diagram can be used to define the range of the useful energy of the device.
Ideally the spectral range of the emission of the fluorophore must be within the frequency
range defined by the lowest and highest value of the frequency of the bands in £ = 0 (I'-point)
where the vertical emission occurs (i.e., perpendicular to the plane of the photonic crystal).
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From Fig. 3(a) this range is between w = 0.7 and w = 0.925 (the bands inside the black
square). Since @ = a/4 and A is the wavelength of the emission of the fluorophore, we can
extract the value of a (for a fixed ). If the spectral width of the emission fluorescence is
between wavelengths A, and A,, we can define the average value as A,, = (A; + A,)/2 which is
typically the approximate value of the wavelength with a higher emission intensity of a
Lorentzian emitter. In our device this value must match the average value of the range
mentioned above, which according to Fig. 3(a) is (0.925 + 0.7)/2 = 0.8125. This implies that
the optimum value of the normalized frequency is around 0.8 and hence the lattice parameter
value a required to produce the photonic crystal can be obtained from w = a/A,,. All the TE
and TM photonic modes shown in Fig. 3 are likely to radiate vertically through the DFB
effect at the energy defined at the point I' (k = 0). Depending on the symmetry of the lattice
photonic crystal (square or triangular or other) the distance between the nanochannel and the
nearest row of holes changes. For a maximum DFB effect in the nanochannel, the separation
between the nanochannel and the nearest holes must be a multiple of . We note that about
half of the light is diffracted in the opposite direction (to the silicon substrate) by the photonic
structure. In many photonic crystal structures the z-symmetry of the waveguide (i.e. the
specular symmetry along a horizontal plane containing the photonic crystal) cancels the
contribution of the TM modes. In our case the z-symmetry is broken, thanks to an adequate
separation between the layer of SiO, and the silicon substrate, so that TM modes can
contribute also to the recovering of light [29]. This is important since, in general, the
fluorescent emitter can emit photons with a mixed TE and TM polarization. Figure 3(b) shows
the photonic bands near the point III for a photonic crystal with n = 1.7 and » = 0.25a (square
symmetry). The effective index corresponds to an optical guide formed by a layer 170nm
thick SizN, sandwiched between a SiO, layer (500 nm) and a Pyrex layer with an infinite
thickness, close to the real case. Figure 3(b) shows a total of 8 photonic modes (TE and TM
polarized) near the point III that can contribute to the DFB effect. The SizN, has a refractive
index n = 2 for a wavelength 1 = 514nm, which is the wavelength of maximum intensity for
the fluorophore that we have used as a test. Despite the square and triangular geometries can
be good for an initial proof of concept, an ideal geometry should provide as many as possible
photonic bands with DFB effect in the spectral range of interest and £ = 0. This spectral range
can be tuned by varying the » and a parameters of the photonic lattice.

n=1.62, triangular lattice, r/a=0.25 n=1.7, square lattice, r/a=0.25

/

a)

M TU=0) kK x T Tw=0) m

Fig. 3. a) Photonic band dispersion diagram of the TE(blue) and TM (red) modes for an
effective index n = 1.62 and holes with » = 0.25a.The photonic bands contributing to the point
III-related DFB effect are inside the black rectangle. b) Square lattice symmetry and n = 1.7.

3. Fabrication and characterization

The device is manufactured on a silicon wafer on which a silicon oxide layer (SiO;) of 500
nm and another layer of silicon nitride (Si;Ny4) of thickness 170nm, have been deposited by
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plasma enhanced chemical vapor deposition (PECVD). Each device has 4 input and output
ports for injecting fluids, and 2 V-shaped microchannels for the transport of fluid to the
entrance of the nanochannels. The microchannels are of 200um width and depth 3pum and
have been manufactured by photolithography techniques and Deep Reactive Ion Etching
(DRIE). The device contains a total of 6 nanochannels of 500um in length, width w = 100nm
and depth # = 100 nm. We have alternately included photonic crystals to compare the light
emitted from nanochannels with and without the photonic structures. We have used square
and triangular symmetry of the photonic crystal to explore its effect. The nanochannel #1 has
a photonic crystal with a square lattice of parameter ¢ = 354nm, and radius of the holes r =
71nm. Nanochannel #2 has no photonic structure. The nanochannel #3 is the same as 1 with a
=400 nm, » = 100nm. Nanochannel #4 has a photonic crystal with triangular symmetry and
lattice parameter a = 447nm, r = 89nm. Nanochannel #5 has no photonic structure. Finally the
nanochannel #6 has a photonic crystal triangular lattice with a = 467nm, » = 93nm. The
nanochannels and the photonic crystals are machined by focused ion beam (FIB) in the same
fabrication step for a proof of concept, although other methods like nanoimprint could be used
for a faster fabrication integrating micro and nanopatterns in one single step [30]. The device
is sealed by anodic bonding using a Pyrex wafer 500um thick and previously machined with
four through holes of 1 mm diameter using a femtosecond laser. Figure 4 shows the device
images on different scales. Panel (a) shows an image obtained by optical microscopy (500X)
where the two V-microchannels can be seen. The 6 above described nanochannels are located
between the microchannels. Panel (b) shows an image of scanning electron microscopy
(SEM) in the area of the nanochannels, where nanochannels #1 to #6 are visible. The panel (c)
is a SEM image of nanochannel #2 (without photonic crystal) and #3 (with photonic crystal).
Panel (d) is an image of atomic force microscopy (AFM) of the nanochannel #3 showing the
photonic crystal structure on both sides of the nanochannel.

1 6
H2#3 #AH#5 f

— | —

nanochannels

Fig. 4. Scanning electron microscopy (SEM) images of the chips fabricated. The magnification
of the areas marked by the white rectangles (a, b and c) is sequentially increased. The image in
(d) is anatomic force microscopy (AFM) image of the area marked by the white box in c). The
nanochannels are labeled from #1 to #6.

For the optical characterization of the chip performance we have used fluorophore
molecules of compound 46960 Fluka Fluorescein sodium salt (Aexe = 490 nm, Aepiss = 514 nm)
inside a carrying fluid 0.1M Tris pH 8.0 which are introduced into the chip through the ports



Research Article Vol. 7, No. 9| 1 Sep 2016 | BIOMEDICAL OPTICS EXPRESS 3296 I

Biomedical Optics EXPRESS -~

using a syringe. Once injected through the inlet port, the fluorophore easily filled the
microchannels by capillary action to reach the entrance of the nanochannels. The excitation of
the fluorophore molecules travelling inside the nanochannels is performed by a 100W HBO
Hg-lamp that is part of the microscope used for the imaging [8,9].

Intensity profile

D
| Ko w\\M E

Intensity profile v

0 200 400 600 800
Distance (um)

Gray Value

Fig. 5. a) Experimental setup used for detection of the fluorescence. (b) Intensity of the
fluorescence vs. the position recorded along the vertical white line shown in (c). (¢) SEM
image of the nanochannels labeled from #1 to #6. The peaks observed in the intensity profile
correspond to the position of the nanochannels.

A pressure of 1 bar is applied with an external injection pump, so that the compound
passes through the nanochannels fluorophore with an approximate flow rate of 10 fl/s. The
device is placed under a reflection microscope (Zeiss) using 10X and 50X objective
magnification, a filter set (BPexc 470/40 (HE), FT 495 (HE), BPEM 525/50 (HE)) and an
EMCCD high sensitivity camera (Photometrics Evolve).

Light from the Hg-lamp passes through the filter set (38HE) illuminating the area of the
nanochannels and exciting the fluorophore compound in a range of wavelengths from A =
450nm to 490nm. The fluorophore emits with a maximum in the wavelength A = 514nm.
Figure 5 shows the experimental setup used for the characterization of the fluorescence and a
microscopy image of the device with the fluorophore injected and flowing through the
nanochannels towards the receipting V-microchannel. An intensity profile of the fluorescence
detected is made by software analysis along the vertical white line shown in Fig. 5(c). The
profile represents the intensity of the light detected by the EMCCD camera according to the
pixel number (position). The profile has a Gaussian shape corresponding to the distribution of
background light that comes from the microchannel and a series of peaks that coincide in
position with each of the nanochannels. These peaks are produced by the extra amount of
light emitted by the fluorescent molecules inside the nanochannel. Figure 6 shows several of
such profiles taken along different lines parallel to the white line of Fig. 5(c), i.e.,
perpendicular to the nanochannels. The values shown in Fig. 6 are the average values taken
from 9 intensity versus pixel sections parallel to the white line. A quantification of the error
can be extracted using the emission of nanochannels #2 and #5 that do not have photonic
crystal structures providing a standard deviation ¢ = 17. The first observation is that all the
nanochannels with the photonic crystals show a clear improvement compared to the
nanochannels without them. The intensity of light from the nanochannels #1, #3, #4 and #6
(which have photonic crystal structures) is in average a 40% higher than the intensity of the
nanochannels #2 and #5 that do not have around any photonic structure. The intensity in the
nanochannel #1 shows in average a 250% increase in light intensity compared to nanochannel
#2 (without photonic structure). The second best structure is nanochannel #6 (with a 2.1 factor
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in improvement, which intensity is similar to #1) followed by #6 and #3 (with similar
intensities in average) with enhancements of 1.9 and 1.5 compared to nanochannel #2. If we
average the intensity of the nanochannels without photonic crystal (i.e., #2 and #5) the
enhancements range from 1.3 to 1.9. Performance of nanochannel #4 is the poorest which is
probably related to a non-optimized value of the (r,a) parameters. This points out the
importance of the selection of those values for a specific photonic crystal. It is observed that
the photonic crystal symmetry (triangular or square) does not appear to have a significant role,
which we attribute to a similar density of states in the spectral region of interest. We note that
the increase cannot be attributed to reflection of light in the silicon substrate since we are
comparing between nanochannels with and without photonic crystals and closely fabricated
one to the other. Moreover, it is remarkable that the increase is consistent and well correlated
with the presence of the photonic crystal structures. Previous works using photonic crystals
for light extraction have shown enhancements of the detected fluorescence between 3.8 and
20-fold [31-33]. We notice that in such experiments the photonic crystal is only one-
dimensional (i.e., a diffraction grating) and what is even more important, the photonic crystal
area entirely covers the area of the fluorescent emission. In our case the area of light emission
(i.e., the nanochannels) is 100 times smaller than the area of the photonic crystal used.
Therefore and due to the small area of our light source (the nanochannel) the enhancement
ratio per unit area is around 250, which is the highest value per unit area reported in the
literature for a non-plasmonic effect. Plasmonic enhancements of fluorescence in the range
from hundreds to thousands have been reported using nanoparticles [34], nanoantennas [35],
or other approaches [36]. Our device shows a smaller enhancement but it is free of metals or
metallic nanoparticles, which may cause problems of toxicity during biodetection essays [37].
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Fig. 6. Profiles of the intensity of fluorescence vs. the position (pixel number) in the chip,
recorded for different sections perpendicular to the nanochannels. The peaks correspond to the
nanochannels #1 to #6. The number on top of the peaks gives the average value of the intensity
for each of the peaks.

Moreover, plasmonic enhancements are strongly dependent on the shape of the
nanoparticle and on the local concentration, both difficult to control. Our device provides
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enhancement on a broader range that can be finely tuned by the photonic crystal parameters.
The observed increase in the detected light may bring important benefits like the use of a less
sensitive CCD camera or using a shorter integration time for the detection. The research work
described in this article is focused in the analysis and comparison of different photonic crystal
designs in order to enhance the detection of fluorescence. Aspects as detection limit and range
of detection will be analysed in future experiments using different concentrations of fluka or
adding fluorescent-labeled DNA now that the expected results have been experimentally
validated.

4. Conclusions

We have designed, fabricated and characterized a silicon-based optofluidic chip incorporating
micro and nanochannels for the motion of fluids and fluorescent molecules or fluorophores.
The nanochannels have been fabricated with surrounding photonic crystals to enhance the
detection of fluorescence by redirecting it towards the vertical direction using the DFB effect.
Optical characterization shows an average increase in the fluorescence detected of 40% and
up to 2.5 times for one of the photonic crystal structures. If we take in account that the actual
area that emits light is restricted to that of the nanochannels, the increase per unit area is
around 250, which is one of the highest reported. Further work may be related with the
optimization of the photonic crystal structure for a specific fluorescent molecule. We believe
that the results ultimately may help the detection of individual molecules (like fluorescent
marked-DNA) without the need for sophisticated detection equipment, in series and in less
time.
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